Unusual Magnetic, Thermal, and Transport Behaviors of Single Crystal EuRh2As2 
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An antiferromagnetic transition is observed in single crystal EuRh2As2 at a high temperature 
Tn — 47 K compared to the ferromagnetic Weiss temperature ^ = 12 K. We show that this is, 
surprisingly, consistent with mean field theory. A first-order field-induced magnetic transition is 
observed at T < Tn with an unusual temperature dependence of the transition field. A dramatic 
magnetic field-induced reduction of the electronic specific heat coefficient at 1.8-5.0 K by 38% at 
9 T is observed. In addition, a strong positive magnetoresistance and a large change in the Hall 
coefficient occur below 25 K. Band structure calculations indicate that the Fermi energy lies on a 
steep edge of a narrow peak in the density of states. 



The recent discovery of superconductivity with transi- 
tion temperatures up to Tc = 38 K in the layered iron 
arsenides AFe2As2 {A = Ba, Sr, Ca, and Eu) when the 
A atoms are partially replaced by K (Ref. [H) has led to 
a renewed interest in ThCr2Si2-structure materials. We 
have been carrying out a search of similar isostructural 
compounds such as Ba(Rh,Mn)2As2 (Ref. H) in an at- 
tempt to significantly increase the maximum Tc for this 
class of compounds. Nature provided a gift of a different 
sort when we studied the physical properties of another 
member"^ of this structure class, EuRh2As2, and found a 
variety of novel behaviors as reported here. 

Our primary results are as follows. First, from our 
anisotropic magnetic susceptibility x versus temperature 
T data on EuRh2As2 single crystals, the Eu ions are 
found to have an intermediate valence 2.13(2) unusually 
closed to Eu"*"^, which has a spin-only magnetic moment 
with J = S* = 7/2. Second, an unusually large antiferro- 
magnetic ordering temperature Tn = 47 K compared to 
the ferromagnetic (positive) Weiss temperature « 12 K 
is found. It is widely assumed that the magnitude of 9 
in the Curie- Weiss law x = C j (T — ff) is the mean-field 
transition temperature for either ferromagnetic FM or 
antiferromagnetic AF ordering of a local moment sys- 
tem, which is the maximum transition temperature that 
the system can have. Magnetic fluctuations and frus- 
tration effects reduce the magnetic ordering tempera- 
ture below the mean- field value, so our observation that 
Tn/|0| ~ 4 1 is surprising. The resolution of this co- 
nundrum is simple: mean-field theory for a local moment 
antiferromagnet in fact allows arbitrarily large values of 
the ratio Tn/|0|.^ This can happen in an antiferromagnet 
when FM exchange interactions between spins within the 
same sublattice exist, in addition to the usual AF inter- 
actions between spins on opposite sublattices. 

Third, a very unusual and dramatic monotonic mag- 
netic field-induced reduction of the electronic specific 
heat coefficient 7 is observed at 1.8-5.0 K by 38% at a 
relatively low field of 9 T. We suggest that field- induced 
stabilization^ of the +2 valence of Eu is centrally in- 
volved. Finally, a strong positive magnetoresistance de- 
velops below 25 K that violates Kohler's rule, where p(T) 
shows a "nonmetallic" increase with decreasing T at fixed 
H, together with a large change in the Hall coefficient be- 



low 25 K. These apparently coupled electronic behaviors 
have no obvious origin. Our band structure calculations 
indicate that the Fermi energy lies on a steep edge of a 
sharp peak in the density of states. 

Single crystals of EuRh2As2 were grown out of Pb 
flux.'^ Single crystal x-ray diffraction measurements 
confirmed that EuRh2As2 crystallizes in the tetrago- 
nal ThCr2Si2 structure with lattice parameters a = 
4.075(4) A and c = 11.295(2) A at 298 K. The compo- 
sitions of two crystals were determined using energy dis- 
persive x-ray analysis, yielding the average atomic ratios 
Eu:Rh:As = 20.8 : 37.9 : 41.3. The x{T) and magnetiza- 
tion M versus applied magnetic field H isotherms were 
measured with a Quantum Design MPMS SQUID mag- 
netometer. The p(T), C(T) and Hall effect were mea- 
sured using a Quantum Design PPMS instrument. 

For the electronic density of states (DOS) calcula- 
tions, we used the full potential linearized augmented 
plane wave method with a local density approximation 
functional.^ The difference in energy of 0.01 mRy/cell 
between successive iterations was used as a convergence 
criterion. The employed muffin tin radii are 2.5, 2.2 and 
2.2 atomic units for Eu, Rh, and As, respectively. 4/ elec- 
trons of Eu were treated as core electrons. The structural 
data were taken from Ref. 3. The total DOS for both spin 
directions for EuRh2As2 and the partial DOS for Eu 5d, 
Rh Ad and As Ap electrons versus the energy E relative 
to the Fermi energy Ep are shown in Fig. [TJ Ep is lo- 
cated just below an extremely sharp peak in the DOS. 
The total DOS at Ep is N{Ef) = 3.38 states/eV f.u. 
(f.u. means formula unit) for both spin directions with 
maximum contribution from the Rh Ad orbitals. 

The x(T) data for a crystal of EuRh2As2 measured 
with H parallel (xc) and perpendicular (xab) to the c axis 
are shown in Fig. [21 The powder-averaged susceptibility 
Xpowdcr = (2xa6 + Xc)/3 is also shown in Fig. d The 
Xpowdci (7') data above 60 K were fitted by the expression 
xiT) = /XEu+3(T) -f (1 - /)C/(T - 9), where the Van 
Vleck susceptibility XEu+^iT) of Eu"'"'^ is given in Ref. 0, 
C is the Curie constant for Eu+^ with g- factor g — 2^ 
and 9 is the Weiss temperature for interactions between 
Eu^^ moments. An excellent fit was obtained with / — 
0.13(2) and 9 — 12(2) K (inset). An average valence 
of 2.13(2) is therefore obtained for Eu. This is different 
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FIG. 1: The total density of states DOS for EuRh2As2 versus 
energy E relative to the Fermi energy Ef and the partial DOS 
versus E from the Eu, Rh, and As atoms. 
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FIG. 2: Xab and Xc versus temperature T for EuRh2As2. The 
powder-averaged Xpowdcr is also shown. Inset: fit (solid curve) 
of the X~^iT) data (open circles), see text. 



from the value w 2.00 obtained for EuRh2As2 in Ref. i^, 
possibly due to composition differences of the samples. 

The positive value 6 = 12 K indicates predominantly 
ferromagnetic exchange interactions between the mag- 
netic Eu^+ moments. Surprisingly, however, in Fig. [2] we 
observe a sharp decrease in Xab indicating a transition 
into an antiferromagnetic state at a much higher Neel 
temperature Tn = 47 K. The Xc also shows an abrupt 
change in slope at Tn and becomes weakly temperature 
dependent at lower T. The large value of Xab{T 0) 
indicates that EuRh2As2 is a noncoUinear easy plane an- 
tiferromagnet with the easy plane being the ab plane. 
Magnetic x-ray scattering measurements on our crystals 
at _ff = revealed both commensurate and incommensu- 
rate magnetic structures in which the Eu spins are ferro- 
magnetically aligned within the ab plane and where the 
spins in adjacent planes are, or are nearly, antiparallel.^" 

A large ratio of Tn/ 1^*1 can occur within mean-field the- 
ory for a two-sublattice coUinear antifcrromagnct with 
equal numbers of spins on the two sublattices, each with 
Curie constant C/2, as follows. A spin in each sublattice 




FIG. 3; M{H) at various T with H applied parallel to the ab 
plane. Inset(a): metamagnetic field He versus T. The vertical 
bars on the data points are the widths of the metamagnetic 
transition. The solid curve is a guide to the eye. Inset (b): 
change in magnetization AM at the transition versus T. 



is assumed to interact with the same number of spins 
both within its own sublattice and with the other sub- 
lattice with mean-field coupling constants Ai and A2, re- 
spectively. Applying the usual mean-field treatment one 
obtains the Weiss temperature = C(Ai -I- A2)/2 and 
magnetic ordering temperature Tn = C(Ai— A2)/2. Thus 



Tn _ Ai — A2 _ Ji — J2 
T ~ Ai +A2 " J1+J2' 



(1) 



where J'l and are the nearest-neighbor exchange cou- 
pling constants for two spins in the same and differ- 
ent sublattices, respectively. If Ai, Ji > (FM) and 
A2, J2 < (AF), one can obtain arbitrarily large values 
of the ratio Tn/|6'|. For our case with Tn/6' « 4, Eq. ^ 
yields A1/A2 = J1/J2 » -5/3. 

M{H) isotherms at various T with H applied along 
the ab plane are shown in Fig. [31 The M{H) data 
for H \\ c (not shown) are proportional at all temper- 
atures from 2 to 300 K. The M{H) data for H apphed 
along the ab plane are also proportional for temperatures 
T > Tn = 47 K as seen in Fig. H However, for T < Tn 
the M{H) is initially proportional but then shows a first- 
order step-like increase in M at a metamagnetic critical 
field He which exhibits hysteresis (not shown) upon in- 
creasing and decreasing H. Above He, M again is pro- 
portional to H but with a larger slope. The value of 
M at T = 2 K and i? 5.5 T is only 1.81 ^e/f-u., 
which is much smaller than the expected Eu^^ satura- 
tion moment 7.0 /ib/Eu. Our data thus indicate that a 
first-order transition between two antiferromagnetically 
ordered states occurs at H^- Figure [3] inset (a) shows that 
He decreases initially with increasing T between 2 K and 
25 K, as expected, but then increases strongly on further 
approaching Tn. At T = 50 K > Tn we did not observe 
any metamagnetic transition. The increase in magnetiza- 
tion AM across the metamagnetic transition versus T is 
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FIG. 4; Resistivity p in the ah plane versus temperature T 
measured in various H || c. Inset (a): p{T) for H — 0. Inset 
(b): Magnetoresistance MR below T = 30 K. 



shown in Fig. [3] inset(b). In contrast to He, AM shows 
a monotonic decrease with T and vanishes near Tn as 
expected. 

The p{T) data for current in the ab plane for H = and 
for temperatures from 2 K to 300 K are shown in Fig. [4] 
inset (a). These data indicate metallic behavior with a 
residual resistivity ratio RRR = p(300 K)/p(2 K) = 8.9. 
There is no sudden reduction in p{T) below Tn = 47 K as 
might be expected below a magnetic ordering transition 
due to a reduction of spin-disorder scattering. This is 
particularly surprising in view of the sharp transitions at 
Tn seen in x(r) and C(T) in Fig. [Hand in Fig. [H below, 
respectively. 

The field-dependent p{T, H) data are shown in Fig. 2] 
between 2 K and 100 K. A strong increase in p occurs 
with increasing H beginning below 25 K. The magnetore- 
sistance percentage values MR(iJ,T) = im[p{H,T) - 
p{0, T)]/p{0, T) versus T at various H are shown in Fig. [3] 
inset(b). A large MR is seen at low T with increasing H: 
the MR reaches 90% at T = 2 K and = 8 T. From 
the single-band relation lUcT — \R}i\H/p, where ujc is the 
cyclotron frequency, r is the mean-free scattering time of 
the current carriers and Rn is the Hall coefficient, and 
using our experimental i?H (below) and p data at 2 K, 
one finds that our MR data are in the low-field regime 
u!cT ~ 0.003 ^ 1 at 8 T. In this regime one normally 
expectsii MR ~ instead of the different behavior we 
observe in Fig. [5] inset. A positive MR can occur due 
to increased spin-disorder scattering upon suppression 
of an antiferromagnetic ordering by a magnetic fieldJ^ 
However, this explanation is untenable here because as 
shown in Fig.lHlbelow, the Tn of EuRh2As2 is suppressed 
to only ^ 40 K in 7J = 8 T. Furthermore, one expects 
a zero MR with H \\ c [H ± ordered moment direction) 
due to AF fluctuations at T ^ Tn-^'^ According to semi- 
classical transport theory, the MR follows Kohler's rule 
MR = F[H / p{Q)], where F{x) is a universal function for 
a given material, if there is a single species of charge car- 
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FIG. 5: Hall coefficient 7?h vs. T for EuRh2As2. Inset: Mag- 
netoresistance MR versus H / p[H = 0) at various T. 



rier and the scattering time is the same at all points on 
the Fermi surface.'^^ As shown in Fig. [5] inset, the MR in 
EuRh2As2 severely violates Kohler's rule. 

The Hall coefficient i?H was found to be independent of 
up to 8 T and is plotted versus T at if = 8 T in Fig. H 
i?H is negative and increases slowly with decreasing T 
from 200 K to 25 K, but then increases rapidly below 
25 K, the temperature below which the MR also begins 
to strongly increase. An unusual T dependence of i?H is 
sometimes seen across a magnetic transitions^ However, 
the strong increase in i?H for EuRh2As2 occurs below 
25 K which is well below Tf^{H) as shown next. 

The C(T) of a single crystal of EuRh2As2 measured 
between 1.8 K and 70 K in various H \\ c is shown in 
Fig. El For H = 0, a second-order anomaly with an onset 
at 48.3 K and a peak at 44.3 K is observed, from which we 
estimate Tn ~ 46 K in agreement with the Tn found from 
our x{T) data above. The C(T) data for a single crystal 
of BaRh2As2,^ also shown in Fig. [SI were used to estimate 
the lattice heat capacity of EuRh2As2. Figure [6] inset (a) 
shows AC(T) versus T between 2 K and 100 K, obtained 
by subtracting the heat capacity of BaRh2As2, adjusted 
for the molar mass difference with EuRh2As2, from that 
of EuRh2As2. AC(T) is consistent with a mean-field 
transition at Tn as follows. In mean-field theory, the 
magnitude of the heat capacity jump at Tn is given by 
AC(Tn) = i^ gf+lj'+l = 16.2 J/mol K2 for S = 7/2^ 
where R is the gas constant. This value is close to that 
observed in Fig. [6] inset(a). Furthermore, the entropy 
difference AS{T) versus T obtained by integrating the 
AC{H = 0,T)/T versus T, as shown in Fig. [U inset (a), 
reaches the value i?ln8 expected for Eu^+ moments (J = 
S = 7/2) just above Tn after which it becomes nearly T 
independent. From the C(T, H) data, one sees that Tn 
decreases by only 5 K at 8 T. Thus we infer that the 
strong positive MR below 25 K in Fig.Udoes not result 
from suppression of Tn to these low temperatures. 

At 1.8-5.0 K, the heat capacity of EuRh2As2 obeys 
C{T,H) = -i{H)T + pr^, where P 7.1(1) mJ/mol 
is independent of H and the electronic specific heat co- 
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FIG. 6: Heat capacity C vs. T of single crystal EuRli2As2 
at various H \\ c, and for single crystal BaRh2As2 in _ff = 0. 
Inset (a): AC(r) and AS'(r) vs. T. The dashed horizontal 
line is the value AS = iilnS expected for disordered Eu^^ 
{J = S = 7/2) spins. Inset (b): 7 versus H. 

efficient 'j{H) is plotted in Fig. [S] inset (b). Between 
H — T and 9 T, 7 decreases monotonically from 
28.4(9) mJ/mol to 17.7(7) mJ/mol K^, a remarkable 
reduction of 38%. This reduction in 7 might be explained 
by a field-induced carrier localization; however, the field- 
independence of i?H (above) argues against such an inter- 
pretation. From N{Ey) — 3.38 states/eV f.u. obtained 
above from our band structure calculations for a valence 
Eu+^, we obtain 7 — 7.96 mJ/mol assuming zero 
electron-phonon coupling. This value is about 3.5 times 
smaller than the observed zero-field value. This discrep- 
ancy suggests that the high observed j{H = 0) is due 
to the intermediate valence 2.13(2) of Eu inferred from 
x(r) above T^r^ and that the field- induced reduction 
in 7 towards the band structure value arises from field- 
induced stabilization^ of the Eu valence towards Eu+^ 
and concomitant reduction in the spin fluctuation^^ con- 
tribution. 

In summary, our magnetic, transport, and thermal 



measurements on single crystals of EuRh2As2 revealed an 
array of interesting and unusual behaviors. From x(^) 
measurements at temperatures T > Tn , the Eu ions are 
found to have an intermediate valence 2.13(2) unusually 
close'* to Eu+^. The large ratio Tn/6' « 4 is very un- 
usual. A simple two-sublattice mean-field model where 
each sublattice interacts with itself in addition to the 
other explains how Tn/|6'| > 1 can come about. Other 
relevant examples of antiferromagnets where Tn/I^I > 1 
have been reported j^'^^i^^i*^ although the authors did 
not take specific note of this ratio. For LaMnOs, us- 
ing Eq. ^ and the Ji_2 values in Ref. [13, one obtains 
the mean-field ratio T-t^/O = 3.8, slightly larger (as ex- 
pected) than the observed value of 3.0 obtained from 
6* = 46 K and Tn = 140 K.*^ In retrospect, it is sur- 
prising that antiferromagnets with Tn/I^I > 1 are not 
more commonly observed. The temperature variation of 
the metamagnetic field He as Tn is approached is anoma- 
lous. The strong decrease in the electronic heat capacity 
coefficient 7 with H at relatively low fields up to 9 T 
is very unusuali^ In most metals, 7 is independent of 
H in such fields because the magnetic field energy of a 
conduction carrier is far smaller than the Fermi energy. 
We suggest that the observed ^{H) results from a field- 
induced stabilization^ of the Eu valence towards Eu+^ at 
low T. This hypothesis can be checked using, e.5., x-ray 
absorption spectroscopy (XAS).'* A strong positive mag- 
netoresistance and a strong increase in i?H develop below 
25 K suggesting a possible temperature-induced redistri- 
bution of carriers between electron- and hole-like Fermi 
surfaces, which can be tested using angular-resolved pho- 
toemission spectroscopy (ARPES). 
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